Brugia malayi is a parasitic nematode that causes lymphatic filariasis in humans. The monoclonal antibody MF1, which mediates clearance of peripheral microfilaremia in a gerbil infection model, recognizes two stage-specific proteins, p70 and p75, in B. malayi microrflariae. cDNA coding for the MF1 antigen was sequenced, and the predicted protein sequence shows significant similarities to chitinases from bacteria and yeast. When microfilarial extracts and purified preparations of the MF1 antigen were tested for chitinase activity, strong bands of chitin-degrading activity comigrated in SDS/PAGE with p70 and p75 and showed a reductiondependent mobility shift characteristic of the MFl antigen. Thus, the MF1 antigen is microfrarial chitinase, which may function to degrade chitin-containing structures in the microfilaria or in its mosquito vector during parasite development and transmission.
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Lymphatic filariasis afflicts nearly 100 million people worldwide (1) . Of the three species of lymphatic filariids that infect humans, Brugia malayi can most readily be maintained in the laboratory by passage between gerbils (another natural host) and a mosquito vector. Thus, B. malayi has been useful for studying pathogenesis and transmission of filariasis at the molecular level.
Passive transfer of the monoclonal antibody MF1 was previously shown to mediate the transient clearance of first stage larvae, or microfilariae (mf), from the peripheral blood of gerbils infected with B. malayi (2) . The MF1 antibody recognizes two stage-specific proteins (p70 and p75) in extracts of mf that appear only after the mf have matured for several days in the vertebrate host (3) . The appearance of the MF1 antigen corresponds with the onset of the parasite's ability to infect the mosquito (3) .
It was thus of great interest to define more precisely the role of the MF1 antigen in filarial development and transmission. With the expectation that the proteins' sequences might clarify their function, we obtained partial amino acid sequences for p70 and p75 and then used this information to isolate and to sequence the corresponding cDNA.1 We report here that the predicted protein sequence of the MF1 antigen has several regions of significant similarity to bacterial and yeast chitinases. Furthermore, the native MF1 antigen is demonstrated to degrade chitin in vitro.
MATERIALS AND METHODS Parasite Material. Gerbils (Meriones unguiculatus) were infected intraperitoneally with B. malayi either in our own facilities or at the Filariasis Repository Research Service, Athens, GA. mf were purified and proteins were extracted as described (3) . Poly(A) mRNA was isolated from purified mf according to Cox and Smulian (4) . Genomic DNA was made from adult B. malayi as described (5) .
Protein Purification and Amino Acid Sequencing. The MF1 antigen was partially purified from extracts of mf by DE-52 chromatography as described (6) . N-terminal sequence analysis was performed on the combined p70 and p75 following elution with 0.5 M NaCI from DE-52, using an ABI model 477A protein sequencer. The sample was subjected to automated Edman degradation using the program NORMAL-i, which was modified using the manufacturer's recommendations for faster cycle time (37 min) by decreasing dry-down times and increasing reaction cartridge temperature to 530C during coupling. The resultant phenylthiohydantoin amino acid fractions were manually identified using an on-line ABI model 120A HPLC apparatus and Shimadzu CR4A integrator.
Trypsin, Asp-N, and Glu-C (sequencing grade, Boehringer Mannheim) were used to digest the separated p70 and p75. Proteolytic digests were performed directly on nitrocellulose according to Aebersold et al. (7) , using DE-52-purified material that was separated by SDS/PAGE (8, 9) and transblotted (10) . Following proteolytic digestion, peptides were separated by narrow-bore reverse-phase HPLC on a Vydac 2.1 mm x 150 mm C18 column. The gradient employed was a modification of that described by Stone et al. (11) . Briefly, where buffer A was 0.06% trifluoroacetic acid/H20 and buffer B was 0.055% trifluoroacetic acid/acetonitrile, a gradient of 5% buffer B at 0 min, 33% buffer B at 63 min, 60%o buffer B at 95 min, and 80% buffer B at 105 min with a flow rate of 0.15 ml/min was used. CNBr peptides were generated by cleavage of the separated p70 and p75 in gel slices following SDS/PAGE, using 7 mg of CNBr per ml in 70%6 formic acid. Cleavage products were then electrophoresed and transblotted to poly(vinylidene difluoride) (Immobilon, Millipore) according to Matsudaira (12) , stained briefly with Coomassie blue, excised, and sequenced directly.
Glycosidase treatment was performed on total mf extracts, using N-glycanase and 0-glycanase from Genzyme, according to the supplier's protocols.
Library Screening, DNA Sequencing, and PCR Amplification. MF1-specific DNA probes were synthesized by PCR amplification of B. malayi genomic DNA using degenerate primers derived from the protein sequence of the N terminus (sense strand, primers P1 and P4) and a tryptic peptide (antisense strand, primers P5 and P6). PCR amplifications were performed using Taq polymerase (Cetus), and amplification products were purified from low-melting-point agarose Abbreviation: mf, microfilaria(e).
$The sequence reported in this paper has been deposited in the GenBank data base (accession no. M73689).
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(SeaKem, FMC). The genomic probes were 32P-labeled by nick-translation (13) and used to screen a B. malayi mf cDNA library in Agtll (gift of Timothy Nilsen, Case Western Reserve University, Cleveland).
MF1-specific single-stranded cDNA was synthesized from mf mRNA with the cDNA Synthesis Plus kit (Amersham), using an antisense primer (P21) derived from the DNA sequence of phage 4A2 (see Results). First strand cDNA was then PCR amplified using two primer combinations. The cDNA fragment 52.4 was generated using P48 and P21, and fragment 4'V was generated using PSL and P21.2 (see Fig. 3 ).
Oligonucleotides for PCR amplifications and for sequencing primers were synthesized on a Biosearch model 8750 DNA synthesizer or were purchased from New England Biolabs. The cDNA clones and PCR-amplified cDNA products were sequenced in both directions using a nested set of oligonucleotide primers and single-stranded DNA templates (14) . All nucleotide sequencing was performed by the dideoxy method using Sequenase Version 2.0 (United States Biochemical) according to the manufacturer's protocol.
Computer Sequence Analyses. Protein sequence data base searches were conducted with the GENINFLO BLAST Network Service provided by the National Center of Biotechnology Information, National Library of Medicine, National Institutes of Health (15) . Multisequence alignments were performed using the PATTERN-INDUCED MULTI-ALIGNMENT program (R. F. Smith and T. F. Smith, Molecular Biology Computer Research Resource, 1990) based on the pattern construction algorithm previously described (16) .
Chitinase Activity Assays. Assays for chitinolytic activity were performed in SDS gels cast with glycol chitin according to Trudel and Asselin (17) . Extracts of native mf proteins were prepared as described (6) , but in the absence of protease inhibitors. Under these conditions, p70 and p75 consistently migrate with a lower molecular mass than previously described for extracts prepared in the presence of protease inhibitors. Following electrophoresis, proteins were renatured in the gel by overnight incubation at 37°C in 1% Triton X-100 (Boehringer Mannheim, 789-704). Areas of digested chitin were visualized as dark bands on a fluorescent background after staining with Calcofluor M2R (17) .
RESULTS
Protein Sequence of the Native Antigen. The MF1 monoclonal antibody detects two bands in Western blots with mobilities corresponding to approximately 70 and 75 kDa under reducing conditions (6) . The HPLC profiles of tryptic digests of p70 and p75 are highly homologous, with most major peaks shared between the two (Fig. 1) . Three tryptic peptides, as well as two CNBr peptides, from p75 had sequences identical to peptides of the same mobility from p70 ( Fig. 2) . N-terminal sequence analysis of a mixture of p70 and p75 generated a single amino acid residue at each cycle (Fig.  2) . CNBr peptides derived from the individual proteins generated the same N-terminal sequence (YVRG-YY), suggesting that p70 and p75 are identical at the N terminus. These comparisons indicate a high degree of primary structure similarity between p70 and p75.
To examine differences between the primary structures of p70 and p75, we sequenced the double peak (retention time = 67 min) indicated by the arrow in the p75 profile (Fig. 1A ) and the corresponding single peak (retention time = 67 min) from the p70 profile. The p70 peak gave a single sequence (GYGGAFIWALDFDDFTGK). The p75 double peak gave this sequence and a secondary sequence in addition (GPY-PLLNAISSELEGESEN-). This suggested that the secondary sequence could be part of a peptide unique to the p75 molecule. Isolation of a cDNA Clone Coding for the C Terminus of the MF1 Antigen. Degenerate oligonucleotide primers were synthesized corresponding to the N-terminal region (sense) and a tryptic peptide shared by p70 and p75 (antisense). These primers (P1, P4, P5, and P6, Fig. 3 ) were used to amplify genomic DNA from B. malayi by PCR. Combinations of P1 and P5 or P6 generated a 2.3-kilobase (kb) amplification product, whereas combinations of P4 and P5 or P6 generated a 2.0-kb product. This suggests the presence of an intron between P1 and P4. The 2.3-kb product was partially sequenced, and the predicted amino acid sequence of one region matched the sequence of a tryptic peptide from p75 (amino acids 207-221) distinct from that used to construct the oligonucleotide primers. This strongly implicated the 2. Fig. 3) . The cDNA was then amplified by PCR using P48 (corresponding to sequence obtained from the 2.3-kb genomic amplification product) and P21. The sequence of this amplified cDNA (fragment 52.4, Fig. 3 ) yielded an open reading frame of 814 nucleotides. The final 132 nucleotides overlapped with the 5' end of the 4A2 insert, indicating that the EcoRI site at the beginning of the 4A2 insert was derived from the MF1 cDNA and not from linker addition. The deduced amino acid sequence of 52.4 corresponded to six peptides sequenced from native p75, including the last three residues from the N-terminal sequence. One discrepancy was noted at amino acid residue 156, which was predicted to be a glutamate from the nucleotide sequence but appeared as glutamine in the tryptic peptide.
To obtain the 5' terminus of the message, we amplified the first strand cDNA using a forward primer (PSL, Fig. 3 ) corresponding to the sequence of the trans-spliced leader RNA from B. malayi (18) and a reverse primer from the antisense strand of 52.4 (P21.2). This yielded fragment 4'V ( data bases revealed significant sequence similarities between the MF1 protein sequence and several chitinases (E.C. 3.2.1.14). An alignment of the MF1 protein sequence with three bacterial chitinases (chitinase Al of Bacillus circulans, chitinases A and B of Serratia marcescens) and one yeast chitinase [killer toxin RF2 a subunit of Kluyveromyces lactis (19)] shows seven major regions of primary sequence conservation (shown as boxed regions in Fig. 4) . Following the last conserved region, the MF1 sequence diverges and contains an acid-rich triplication of 14 amino acids (starting at reference position 466, Fig. 4) .
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To test the MF1 antigen for chitinase activity, extracts of mf were electrophoresed in SDS gels containing glycol chitin (17) . Chitinase activity was localized to two prominent bands that copurified with the MF1 antigen in DE-52 chromatography and comigrated with the MF1 antigen in onedimensional SDS/PAGE, demonstrating the reductiondependent shift in mobility characteristic of the MF1 antigen ( Fig. 5; ref. 6 ).
Since the predicted molecular mass (=55 kDa) for the translation product of the cDNA sequence is lower than that observed for the enzymatically active bands in SDS/PAGE, we tested the possibility that glycosylation could account for the discrepancy. Following treatment with 0-glycanase, but not N-glycanase, a sizeable shift in molecular mass was observed for p70 and p75 by Western blot (Fig. 5 ).
DISCUSSION
Transmission of lymphatic filariasis in nature depends on the persistence of mf in the peripheral blood of infected vertebrates and on the capacity of those mf to infect and develop in the insect vector. Female adults of Brugia spp. shed live mf, which retain a remnant of their eggshells as the extracuticular sheath (20) . This sheath is maintained while the mf circulate in the vertebrate bloodstream but is lost during the initial phases of development in the arthropod vector. (lanes 1-3) or presence (lanes 4-6) of 2-mercaptoethanol (2-ME, -or +). Lanes 7-10, silver-stained SDS/PAGE (lanes 7 and 8) and Western blot (lanes 9 and 10) of 0.5 M NaCl fraction electrophoresed in the absence (lanes 8 and 9) and presence (lanes 7 and 10) of 2-mercaptoethanol. total We previously demonstrated that the microfilarial sheath contains oligomers of f,1-4-linked N-acetylglucosamine and that sheath morphogenesis can be altered by inhibitors of chitin synthesis (21) . It is thus of great interest to find a larval chitinase whose temporal appearance coincides with the onset of microfilarial infectivity for the mosquito. The chitinase could be involved in either the degradation of microfilarial structures, such as the sheath, or the interaction with chitinous mosquito structures that the mf must disrupt or penetrate during infection. The peritrophic membrane is a chitinous structure elaborated in the mosquito midgut following a bloodmeal, but mf appear to escape from the midgut long before this membrane is well formed (22) . The possibility that mosquitoes secrete a midgut lectin that can inhibit infection was suggested by Phiri and Ham (23) , who demonstrated enhanced microfilarial penetration of the midgut in the presence of N-acetylglucosamine. A microfilarial chitinase could generate inhibitory oligosaccharides and promote infection by a similar mechanism.
Chitinase activity was previously described in Onchocerca gibsoni (24) . In this filarial species, the activity is present in the gravid female adult and presumably acts to remodel chitin fibrils in the developing eggshell or to free the developing mf from their eggshells prior to birth. The mf of Onchocerca spp. are born without sheaths and therefore do not need a mechanism for exsheathment in the vector. Brugian mf do not hatch from their eggshells in utero but seem to remodel the shell and elongate it ultimately to form the sheath (20) . This remodeling may also involve chitinase, but this enzyme should be antigenically distinct from the chitinase sequenced here, as the MF1 antibody does not react with extracts of adult female B. malayi (6 Fig. 5 , 0-glycosylation accounts for part of this discrepancy. In addition, the very acidic composition of this PEST region could result in anomolous migration in SDS gels. Expression of the recombinant protein from full-length cDNA should resolve this question.
As chitin is absent from the vertebrate host, chitin synthesis and processing offer potential targets for chemotherapy, and the enzymes involved in chitin metabolism could be suitable candidates for vaccine development. The demonstration of chitinase activity for the purified MF1 antigen and the availability of the nucleotide sequence coding for the enzyme favor its analysis as a therapeutic target in this and other parasitic helminths.
